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In this work, we present an analysis of the influence of the geometrical parameters on the sensitivity 
and linear range of the fiber optic angular displacement sensor, through computational simulations 
and experiments. The geometrical parameters analyzed were the lens focal length, the gap between 
fibers, the fibers cladding radii, the emitting fiber critical angle (or, equivalently, the emitting fiber 
numerical aperture), and the standoff distance (distance between the lens and the reflective surface). 
Besides, we analyzed the sensor sensitivity regarding any spurious linear displacement. The simulation 
and experimental results showed that the parameters which play the most important roles are the 
emitting fiber core radius, the lens focal length, and the light coupling efficiency, while the remaining 
parameters have little influence on sensor characteristics. 

OCIS codes: (060.2370) Fiber optics sensors; (080.2740) Geometric optical design; (120.0280) 

Remote sensing and sensors; (280.4788) Optical sensing and sensors. 
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1. Introduction 

Fiber optic angular displacement sensors have been 
designed for applications that require the measure¬ 
ment of very small angular displacements (in the 
order of 1 /trad or less). By measuring the angular 
displacement, other physical quantities can be indi¬ 
rectly measured or detected, as pressure, velocity, 
acceleration, linear displacement, and ultrasound 
for example M- Therefore, this type of sensor 
can be used as the optical detector of an atomic 
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force microscope (AFM) [j| or for measurement of 
angular displacement in automotive, robotics, op¬ 
tics, aeronautics and aerospace industries [dj. 

In recent developments Hi , we presented a fiber 
optic sensor capable of measurement of angular dis¬ 
placement in the order of microradians. Due to its 
high sensitivity, it was applied for detection of both 
bulk and surface ultrasonic waves. This sensor pre¬ 
sented very low cost and ease of assembly since it 
comprises only an optical source (laser or LED), 
two optical fibers (one emitting and the other re¬ 
ceiving), a positive lens, a reflective surface, and a 
photodetector (coupled to a transimpedance ampli- 
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fier), arranged as shown in Fig. [TJ The mathemati- 


Photodetector Positive Reflective 



plane; 

Z\ is the distance between the lens and the 
reflective surface; 

/l is the lens focal distance; 

6 is the gap separation between the two fibers; 
n is the refractive index of the surrounding 
medium; 

w s is the optical spot radius in the region between 
the lens and the reflective surface; and 
£o is the critical angle. 


Fig. 1. Fiber optic angular displacement sensor. 

cal model (theory) of the aforementioned sensor was 
also depicted and validated by the comparison of 
the sensor’s characteristic curve obtained by com¬ 
putational simulation and by experiment. In that 
case, we regarded nine different sensor configura¬ 
tions by varying both emitting and receiving fibers 
core radii [2j. 

In this work, using the same mathematical model, 
we thus performed an analysis of the influence of the 
geometrical parameters on the sensitivity and linear 
range of the fiber optic angular displacement sen¬ 
sor. The parameters analyzed were: the lens focal 
length, the gap between fibers (or, equivalently, the 
fibers cladding radii), the emitting fiber critical an¬ 
gle (or, equivalently, the emitting fiber numerical 
aperture), and the standoff distance. Besides, we 
analyzed the sensor sensitivity regarding any spu¬ 
rious linear displacement. 

2. Theory 

The mathematical model of the sensor is briefly 
described in this section, in order to provide the 
basis for computational simulations performed in 
this work. The sensor head components and the 
mathematical model variables are shown in Fig. [21 
where: 

9 is the angular displacement (or the reflective 
surface angle); 

a is the emitting fiber core radius; 
an is the receiving fiber core radius; 
b is the emitting fiber cladding radius; 
bn is the receiving fiber cladding radius; 

NA is the numerical aperture of the emitting fiber; 
Pi is the total optical power incident at the fibers 
end plane; 

P a is the optical power which is coupled into the 
receiving fiber core; 

y Q is the position of the receiving fiber center in 
relation to the optical spot center; 
w is the optical spot radius at the receiving fiber 



Fig. 2. Sensor head detail and mathematical model vari¬ 
ables. 


The principle of operation of the sensor is based 
on the modulation of the intensity of light by the 
angular displacement (reflective surface angle), 6. 
The power transfer coefficient, defined as the ratio 
between the optical output power and input power 
[r](9) = P Q /Pi], was derived as a function of 9 in a 
previous work [|2], and is given by: 


P 4 

m = -£ = r—2 

Pi 7 TW Z 


ryo{0)+a R 


r exp 


-‘IP 


ur 


X cos 


-i (r 2 + yl(9)-al 
2 ry a {9) 


dr, (1) 


where r is the radial coordinate in relation to the 
optical spot center, and F accounts for light cou¬ 
pling efficiency on the receiving fiber. The position 
of the receiving fiber center in relation to the optical 
spot center (y 0 ) is given by: 


y 0 (9) = m-92(Z 0 + Z 1 -Z 1 Z 0 /f L ), (2) 


where the distance between the centers of the fibers 
(m), constant, is given by: 

m = b + bn + 5. (3) 

The distance between the lens and the fibers (Z a ) 
is set in order to collimate the light beam from the 
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emitting fiber. Thus, it is given by: 

Zo = II - a/tan £ 0 , (4) 

where the critical angle (£ 0 ) is given by: 

io = sin _1 (AA/n). (5) 

The optical spot radius in the region between the 
lens and the reflective surface (w s ) is given by: 

w s = f L tan£ 0 . (6) 

For the particular case where y 0 = 0, the optical 
spot is centered on the receiving fiber core and Eq.[2] 
yields: 

9 = 0 o = m/[2(Z o + Z 1 -Z l Z o /f L )\. (7) 

The light coupling efficiency T on Eq. |T]is a ratio 
between the power accepted by receiving fiber (due 
to its numerical aperture, NA r ) and the power from 
the optical spot. According to Fig. [31 the parameter 
T can be stated as 


where a\ is the entrance angle for the upper beam 
on the optical spot and «2 is the entrance angle for 
the lower beam. If the optical spot entrance angles 



Fig. 3. Detail of the receiving fiber coupling efficiency. 

lies inside the receiving fiber numerical aperture the 
coupling efficiency is maximum, while for the case 
where the entrance angles are outside NA r , no light 
is coupled to the receiving fiber (0 < T < 1). 

The static characteristic curve for the sensor is 
therefore obtained by evaluating the integral on 
Eq. |U numerically, for each corresponding value 
of 9. 

3. Simulations and experiments 

The emitting and receiving fibers core radii (a and 
an) influences on the sensitivity and linear range 
were analyzed in a previous work [2] and are sum¬ 
marized in subsection 13.Al In the present work, the 
influence of additional geometrical parameters as 


the lens focal length (//,), the emitting fiber critical 
angle (£ D ) [or, equivalently, the emitting fiber nu¬ 
merical aperture (AA)], the standoff distance (Z i), 
the gap between fibers (<5) [or, equivalently, the 
fibers cladding radii (b and 6 r)] were analyzed as 
shown in the subsections 13. Bl to I3.EI 

An experimental setup was mounted in order to 
acquire the static characteristic curves of the sen¬ 
sors with different geometrical parameters. This 
setup comprised an optical source, two optical fibers 
(one emitting and the other receiving), a positive 
lens, a reflective surface, and a photodetector, as 
shown in schematic of Fig. [I] The laser output was 
delivered by an optical fiber which was spliced to 
the sensor’s emitting fiber. The emitting fiber, in 
turn, was fixed parallel with the receiving fiber and 
their tips were aligned. The light from the emitting 
fiber was delivered to the lens, which collimated the 
beam. Thus, the collimated light impinged on the 
reflective surface, being modulated by the surface’s 
angle (9) and reflected back to the lens. The lens 
focused the reflected beam on the receiving fiber 
core, which collected the light. Finally, the receiv¬ 
ing fiber delivered the intensity modulated light to 
the photodetector, as shown in Fig. 2J The pho¬ 
todetector was coupled to a transimpedance circuit 
which, in turn, was coupled to an oscilloscope. The 
reflective surface was mounted on a rotation stage 
with an electric micrometer (Fig. U shows a manual 
micrometer that was replaced by the electric on the 
experiments). This stage was controlled by a drive 
that allowed a continuous rotation movement, with 
constant velocity. Therefore, the static character¬ 
istic curve was obtained by rotating the reflective 
surface and acquiring the output signal on the os¬ 
cilloscope. 

In this work, the simulations and experiments 
were accomplished with a CW laser (A = 980 nm, 
68 mW) as the optical source, and a Thorlabs 
980HP single mode optical fiber (AA = 0.2, a = 
aji = 1.8 /mi, b = bR = 62.5 /mi) for both emitting 
and receiving fibers. Exception is Section f3.Al where 
additional core and cladding radii values were used 
on simulations. 

3.A. Optical fiber core radii 

On reference [2], the static characteristic curves 
were simulated for nine different values of emit¬ 
ting/receiving core radii ( cl/clr in /mi) : 4/4, 

4/25, 4/52.5, 25/4, 25/25, 25/52.5, 52.5/4, 52.5/25, 
52.5/52.5, showing that the normalized sensitivity 
of the sensor increases with a decrease on the fibers 
core radii (for both emitting and receiving fibers) 

























4 



Fig. 4. Fiber optic angular displacement sensor mounted 
in the laboratory. 


while the LR is the maximum corresponding range 
on 9 for which the non-linearity is less than 1%. 
The variable V mSiX is a calibration factor that pro¬ 
vides the sensor sensitivity (unnormalized) and it 
is defined as the maximum voltage (at the peak) 
of the static characteristic curve, i.e., the voltage 
measured for the angle 9 = 0 o . The static charac¬ 
teristic curve is normalized (to provide NS) in or¬ 
der to compare different sensor configurations. The 
parameters NS and LR were numerically evaluated 
from the simulated static characteristic curves. 

The sensor used in the remaining part of this 
work was the sensor 1.8/1.8, due to its higher sensi¬ 
tivity. Although any other configuration instead of 
1.8/1.8 could be used for these simulations without 
loss of generality, since they are ruled by the same 
equation. 


and the normalized sensitivity is dominated by the 
emitting fiber core radius, a, while the receiving 
fiber core radius, an, plays a secondary role. These 
simulations were corroborated by experiment 0], 
showing that the mathematical model is suitable to 
describe the sensor behavior. Therefore, the varia¬ 
tion on a and an in this work were only simulated 
using the same model. The values of a/an on simu¬ 
lation were the nine combinations using fibers with 
1.8 /mi, 25 /mi, and 52.5 /mi core radii. The further 
parameters used in this simulation were: /l = 6 
mm, 5 = 0 /mi, b = bn = 62.5 fin i, w = a + 2 
fin i, Z\ = 42.2 mm, NA = 0.20 (for a = 1.8 fin i), 
NA = 0.22 (for a = 25 /mi and a = 52.5 /mi). 
The coupling efficiency was evaluated and used as 
T = 1. The simulation results regarding the nor¬ 
malized sensitivity (NS) and linear range (LR) are 
summarized in Table in The NS is defined as the 

Table 1. Normalized sensitivity and linear range 
for different emitting and receiving fibers core 
radii 0| o ’ * & 


a [/jm] 

_L8_25_ 52.5 

1.8 NS (3.4 x V ma x) (0.6 x V max ) (0.3 x VW) 
LR 140 /Ltrad 785 /^rad 1411 /^rad 

a R H 25 NS (2.4 x VW) (0.4 x Vmax ) (0.3 X Vmax) 
LR 176 //rad 1123 //rad 1584 /trad 

52.5 NS (2.5 x V m ax) (0.4 x V max ) (0.2 x V m ax) 
LR 169 /trad 1138 /trad 2063 /trad 


“Vinax must be in units of volts. 

6 NS=Normalized sensitivity; LR=Linear range. 

slope of the normalized static characteristic curve, 


3.B. Lens focal length 

Regarding the sensor configuration 1.8/1.8 (i.e., 
a = 1.8 fin i and an = 1-8 /mi), three different focal 
lengths were tested (6 mm, 20 mm, and 50 mm) 
while the other geometrical parameters were kept 
unchanged. The simulations for different lens focal 
lengths are shown in Table [2j where the operation 
point refers to the point where the sensor is set to 
detect dynamic variation of 0; non-linearity refers 
to the maximum input deviation between the sim¬ 
ulation curve and the linear fit used to measure the 
normalized sensitivity and linear range. 


Table 2. Simulation results for the lens focal 
length 0 


fL 

Normalized 

Linear 

Operation 

Non- 

[mmj 

sensitivity 
[mV / /irad] 

range 

[/trad] 

point [V] 

linearity 

[%] 

6 

(3.4 X Vmax) 

140 

(0.6 X Vmax) 

0.98 

20 

(4.7 X Vnax) 

94 

(0.6 X Vmax) 

0.95 

50 

(7.8 X Vmax) 

61 

(0.6 X Vmax) 

0.93 


a Vmax must be in units of volts. 


Analyzing the results of Table O one can 
see that the normalized sensitivity increases with 
an increase on the lens focal length and, on 
the other hand, the linear range decreases. 
Thus, the sensor 1.8/1.8 with a focal length of 
50 mm presents the highest normalized sensitivity, 
(7.8 x Vmax) mV///rad, and the smallest linear 
range of 61 /trad. However, the sensitivity cannot 
be increased indefinitely through an increase in fn, 
since this provides an increase in w s (Eq. [6j) . For 
example, if the sensor is used on the detection of 
surface acoustic waves, the spot size w s imposes 
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a limitation on the minimum acoustic wavelength 
(or maximum acoustic frequency) that can be mea¬ 
sured. This means that a compromise between 
sensitivity and acoustic cutoff frequency should be 
taken in account. 

The experimental setup was used in order to ac¬ 
quire the static characteristic curves of the sensor 
1.8/1.8, mounted with the following focal lengths: 
6 mm, 20 mm, and 50 mm. The distance Z Q was ad¬ 
justed to achieve a collimated beam after the lens, 
according to Eq. 3J The distance Z\ was arbitrarily 
chosen as approximately 42 mm. 

The experimental results for the three sensors are 
shown in Fig. [5j In this figure, the simulation curve 
for /l = 6 mm was plotted as a solid black line 
and the experimental data were plotted with square 
red markers. Regarding fj j = 20 mm, the simula¬ 
tion curve was plotted as a dashed black line and 
the experimental data were plotted with circle blue 
markers. Finally, for fj j = 50 mm, the simulation 
was plotted as a short dashed black line and the 
experimental data were plotted with triangle green 
markers. 

The simulation curve for /l = 6 mm was plotted 
with an optical spot of w = a + 2/xrri, while for the 
sensor with fi, = 20 mm, the optical spot radius 
was w = a + 8 /xm. Regarding the sensor with fj J = 
50 mm, the optical spot radius was w = a +13 /xrn. 
These values were adjusted to achieve a better fit 
with the experimental curves. Ideally, the value of 
w should be approximately equal to the emitting 
fiber core radius (w ~ a). However, in practice 
this is not true due to the lens spherical aberration. 
The influence of spherical aberration was evaluated 
by computer simulation, that showed an increase 
in optical spot size due to the spherical aberration. 
Each curve was centered on 6 = 0 by subtracting its 
respective 0 o values, i.e., 0 o = 10.3 mrad, 3.1 rnrad, 
1.2 mrad for the sensors with /l = 6 mm, 20 mm, 
and 50 mm, respectively. 

3.B.I. On the influence of T 

The influence of the parameter T was evaluated for 
the sensor 1.8/1.8 with /l = 6 mm. The graphics 
shown in Fig. [6] for the theory with T = 1 (solid 
black line) and the theory with T as in Eq. [8] (dashed 
red line), show that the shape of the curve do not 
change significantly (both curves are normalized). 
Therefore, in this case, our statement that T = 1 
is valid for the simulations. However, regarding the 
unnormalized curve with T as in Eq.[H] (short dashed 
blue line), it can be noted that the peak reduces 
around 30%. 

In Fig. |7] we present a comparison between the 


-Theory ( f L = 6mm) 



Fig. 5. Simulated and experimental static characteristic 
curves for the sensor configuration 1.8/1.8, with: Jl = 
6 mm, fi, = 20 mm, and fh = 50 mm. 


-Theory, r=1 



Angle, 0 frirad] 

Fig. 6. Simulated static characteristic curves regarding 
F = 1 and T » 2 NA 2 /{a\ + o|). 


sensors with fj J = 6 mm and Jl = 20 mm, re¬ 
garding the entrance angle variation for the cen¬ 
tral, upper and lower beams. This figure shows that 
the sensor with smaller fj J presents a higher vari¬ 
ation on the entrance angles and they can lie out¬ 
side the receiving fiber numerical aperture, which 
can reduce the peak of the characteristic curve. 
Regarding an even shorter //,, the peak would re¬ 
duce even more (e.g. for /l = 4 mm, the peak 
presents a reduction of around 70%), which means 
in practice that it would become harder to collect 
light on the receiving fiber, due to the coupling ef¬ 
ficiency T. This imposes a practical limitation on 
the minimum size of the lens focal length, given a 
fixed NA r . 











6 


0 

O) 

c 

CO 


Q) 

c 

2 

c 

HI 


0.5-1 


0.4- 


0.3- 


0 . 2 -- 
0.1 -- 


0.0 


- Central beam (/j=6mm) 

- Lower beam (/j=6mm) 

- Upper beam (/j=6mm) 

- Central beam (/ L =20mm) 

-Lower beam (/[=20mm) 

- Upper beam (/j=20mm) 


- 0.1 - _ 

- 0 . 2 - - 

-03-. . 

-0.4- 

-0.5 ] -T-1-T-1-T-1-T-1-T-1-T-1-T-1-T-, 

-1000 -750 -500 -250 0 250 500 750 1000 

Angle, 0 [prad] 



Fig. 8. Microscope photographs of sensors’ gap. (a) 
Sensor without gap (6 = 0 /mi), (b) Sensor with gap 
(S = 125 /tm). 


Fig. 7. Entrance angles considering T for sensors with 
/l = 6 mm and /l = 20 mm. 

3.C. Gap between fibers and fibers cladding 
radii 

According to Eq. 02 the parameters 5, b, and bn 
compose the parameter rn. which is the distance 
between the centers of the fibers. In this case, the 
simulation was accomplished varying only 5, since 
varying b or bn would give the same effect. In ad¬ 
dition, varying b or bn would require using differ¬ 
ent fibers with different parameters, while varying 
5 is straightforward and keeps the other parame¬ 
ters unchanged. Regarding the sensor configuration 
1.8/1.8 with fn = 6 mm, the simulation results for 
three 5 values (0 /tm, 125 /tm, and 250 /tm) were 
obtained and displayed in Table E2 


Table 3. Simulation results for the gap between 
fibers' 2 


8 

w 

Normalized 
sensitivity 
[mV / /ir&d} 

Linear 

range 

[/irad] 

Operation 
point [V] 

Non¬ 

linearity 

[%] 

0 

(3.4 X Vmax) 

140 

(0.6 X Vmax) 

0.98 

125 

(3.4 X Vmax) 

140 

(0.6 X Vmax) 

0.98 

250 

(3.4 X Vmax) 

140 

(0.6 X Vmax) 

0.98 


“Vfnax must be in units of volts. 


In order to confirm the simulation results, the 
sensor with gap 5 = 125 /tm was mounted with an 
additional idle fiber in between the emitting and 
receiving fibers, as shown in Fig. [HI The experi¬ 
mental characteristic curve for this sensor was ac¬ 
quired and it was plotted with the simulation and 
experiment for <5 = 0 /tm for comparison, as shown 
in Fig. [9[ The experimental result show that, in 
general, there is a good agreement between the two 


-Theory 



Fig. 9. Static characteristic curves for the sensor con¬ 
figuration 1.8/1.8: theory and experiments (<5 = 125 /tm 
and d = 0 /tm). 

curves, which confirms the simulation results. How¬ 
ever, it can be noted a difference on the region 
where 250 /trad < 6 < 600 /trad, that can be at¬ 
tributed to the lens spherical aberration (since m is 
larger and the light beam impinges on the lens on a 
region away from the paraxial one): it was observed 
that the mentioned region presents a broadening of 
the curve, which indicates that the optical spot got 
slight larger over this region. 

Analyzing the results in Table [2 one can realize 
that, in theory, the variation of the gap between 
fibers (5) and the fibers cladding radii (b and bn) 
have no influence on the normalized sensitivity or 
the linear range of the sensor. This is an interesting 
result since it shows that the mentioned parameters 
are not a matter of concern and the sensor head as¬ 
sembly could be facilitated, i.e., a small assembly 
error on the gap (tens of microns) would not greatly 
affect the sensor’s performance. However, in prac¬ 
tice, 5 cannot be increased indefinitely since a large 
6 could prevent the proper working of the sensor 
or even prevent it to work, due to the finite lens 
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diameter and lens aberrations. 

Regarding the influence of the parameter F 
(Eq. [5]), the peak reduction for the sensor with 
5 = 125 fi m is 53%, while for the sensor with 
5 = 250 gm, is 73%. Thus in practice, increas¬ 
ing the value of 6 also reduces the amount of light 
coupled on the receiving fiber. 

3.D. Numerical aperture 

The other geometrical parameter tested was the 
emitting fiber critical angle (£ 0 ). In this case, how¬ 
ever, a practical value to keep in mind is its counter¬ 
part: the emitting fiber numerical aperture (N 4). 
Once again, the sensor configuration 1.8/1.8 was 
used on the simulation where three NA values were 
tested: 0.1, 0.2, and 0.3. The results are shown in 
Table [4j According to the results in Table [dj the 


Table 4. Simulation results for the critical angle 0 


NA 

£o 

[rad] 

Normalized 
sensitivity 
[mV / /irad] 

Linear 

range 

[//rad] 

Operation 
point [V] 

Non¬ 

linearity 

[%] 

0.1 

0.100 

(2.41 X Knax) 

198 

(0.58 X VW) 

0.99 

0.2 

0.201 

(2.39 X Vmax) 

194 

(0.58 X Vmax) 

0.96 

0.3 

0.305 

(2.38 X Vmax) 

198 

(0.58 X Vmax) 

0.97 


“Vinax must be in units of volts. 


variation in NA has very little influence in the sen¬ 
sor normalized sensitivity and linear range. On the 
other hand, for NA r = 0.1 there is a peak reduction 
of 82%, while for NA r = 0.2 the peak reduction is 
30%, and for NA r = 0.3, there is no peak reduc¬ 
tion (0%). Thus, although NA is not a matter of 
concern during sensor assembly, it is better to use 
a higher NA r , if possible. 

Commercial fibers with different values for NA 
(or NA r ) usually also present different values for 
the remaining parameters (e.g., core radius) and, 
therefore, an experiment regarding this parameter 
was not accomplished. 

3.E. Standoff distance 

The sensor’s standoff distance (distance between 
the lens and the reflective surface) was analyzed us¬ 
ing the sensor 1.8/1.8, with /l = 6 mm, <5 = 0 /jin, 
and NA = 0.2. The variable associated with the 
standoff distance is Z\. Therefore, it was acquired 
one characteristic curve for each one of the follow¬ 
ing values: Z\ = 32 mm, 57 mm, 82 mm, 107 mm, 
and 132 mm and the normalized results are shown 
in Table [5] It is noteworthy that the Z\ value was 
kept fixed, while 8 was varied for each curve. 


Table 5. Simulation results for the standoff 
distance 0 


Zi 

[mm] 

Normalized 
sensitivity 
[mV / /irad] 

Linear 

range 

[/irad] 

Operation 
point [V] 

Non¬ 

linearity 

[%] 

32 

(3.4 X Vmax) 

140 

(0.6 X Vmax) 

0.98 

57 

(3.4 X Vmax) 

137 

(0.6 X Vmax) 

0.97 

82 

(3.4 X Vmax) 

137 

(0.6 X Vmax) 

0.95 

107 

(3.4 X Vmax) 

129 

(0.6 X Vmax) 

0.99 

132 

(3.4 X Vmax) 

126 

(0.6 X Vmax) 

0.99 


“Imax must be in units of volts. 


The simulation results show that the standoff dis¬ 
tance presents little influence on sensor’s normal¬ 
ized sensitivity and linear range. 

Experimental data were acquired for these sen¬ 
sor configurations, shown in Fig. [TOj The experi- 


-Theory 



Fig. 10. Static characteristic curves for the sensor config¬ 
uration 1.8/1.8: theory and experiments = 32 mm, 
Z\ = 57 mm, Z\ = 82 mm, Z\ = 107 mm, and 
Z\ = 132 mm). 

mental curves were normalized by the curve with 
Z\ = 32 mm, instead of normalizing by itself (NS, 
as is the case on Table [5]) . This was accomplished 
to point out the limitation on increasing the stand¬ 
off distance: the experimental characteristic curves 
present a lower peak for higher Z\, i.e., the sensitiv¬ 
ity (unnormalized) decreases. This means that the 
sensor can lose its capability to measure 8 variation, 
for a large standoff distance. Differently from the 
statement of the previous paper Q] where “Z1 can 
be up to approximately 750 mm”, the maximum 
standoff distance (Z i) is smaller: around 150 mm. 

At first, the curves should keep the sensitivity. 
However, as will be shown in Section [U the light 
coupling efficiency (T) limits the amount of light 










coupled on the receiving fiber, for large standoff 
distances. 

3.F. Discussion 

The simulation results showed that the parameters 
that play the most important role are the emit¬ 
ting fiber core radius (a) and the lens focal length 
(/l). The receiving fiber core radius (an) also has 
an influence on sensor characteristics, however, it 
plays a secondary role. The normalized sensitiv¬ 
ity decreases with an increase on a or an- On 
the other hand, the sensitivity increases with an 
increase on fj J . 

In order to increase the normalized sensitivity, 
the emitting fiber core could thus be chosen as 
small as possible and the receiving fiber could be 
both single-mode or multimode (since it plays a 
secondary role). In the same sense, the lens fo¬ 
cal length could be increased. It must be observed, 
however, that increasing fi will also increase the 
spot size on the sample, w s , to impractically large 
values, leading to a decrease on the maximum me¬ 
chanical frequency that can be measured with this 
sensor (e.g. in a hypothetical surface acoustic wave 
measurement). Another limitation in increasing 
the normalized sensitivity arises because the lin¬ 
ear range decreases. Therefore, the measurement 
requirement will establish the limitation on mini¬ 
mum linear range necessary. 

In addition, it was shown that the following pa¬ 
rameters have little or no influence on the sensor’s 
characteristics: gap between fibers ( 5 ) and emitting 
fiber numerical aperture (NA). This means that 
the choice of these parameters presents few restric¬ 
tions. In the case of the standoff distance, in the¬ 
ory, there would not be restrictions on increasing it 
(this means that the sensor could be very far from 
the reflective surface). However, the experiments 
show that, for large Z\ values, the characteristic 
curves present a low peak. This indicates that the 
unnormalized sensitivity decreases to an impracti¬ 
cal value, limiting the maximum standoff distance, 
due to the light coupling efficiency. 

In all cases, shown in Sections 13.Al to 13. El in¬ 
creasing the lens diameter would not solve the sen¬ 
sor’s limitation (due to lens spherical aberration), 
since the lens distance from the fibers ( Z Q ) depends 
on the lens focal length (/l) itself (to collimate 
the beam). Larger lens diameter means larger fn, 
which means larger Z Q , which in turn, means larger 
w s . A possible solution would be the use of an emit¬ 
ting fiber with smaller NA or to setup a sensor with 
only one fiber to both emit and receive the light. 


4. Analysis of the sensor sensitivity for a spuri¬ 
ous linear displacement 

The fiber optic sensor proposed in this work was 
designed to detect angular displacement, 9. In the 
mathematical model we regarded that the distance 
between the lens and the reflective surface (or lin¬ 
ear displacement in this case), Z \, is fixed while 9 is 
the modulation parameter. However, during a mea¬ 
surement of angular displacement, in a real sensor, 
Z\ could vary, which could generate a spurious sig¬ 
nal on the sensor output. Therefore, in order to 
analyze the influence of spurious variations of Z \, 
on the power transfer coefficient, r 7 , Eq. |T] can be 
rewritten as function of Z \, while keeping 9 = 0 o as 
a constant: 


V (z 1 ) = ^ = r- 


ryo(Z\)+a R 


Pi 


7rur 


r exp 


— 2 r- 


wr 


x cos 


-1 (r 2 + y'p(Zi) - a 2 R 
‘^ry 0 (Z 1 ) 


dr, (9) 


where y 0 (Z\) is given by: y 0 (Z 1 ) = m — 

2 0 O Z O — 29 a (1 — Z 0 Ifi) Z\ and 0 o is the angle 
which gives the maximum 77 , regarding an ini¬ 
tial distance Z\ o . This angle is given by: 0 o = 
m/2(Z 0 + Z\ o — Z\ o Z 0 lf£) and the parameter Z\ Q 
is defined as the starting point of the static charac¬ 
teristic curve. 

A simulation of the static characteristic curve for 
the sensor 1.8/1. 8 , was accomplished by varying Z\ 
on Eq.[9l and keeping 0 o fixed. The parameters used 
were 9 a = 10.3 rnrad and Z\ o = 32 mm. The re¬ 
maining variables were kept the same as in simula¬ 
tions of Section [3j i.e., NA = 0.2, a = an = 1.8 ym, 
b = bn = 62.5 ym, fL = 6 mm, and w = a + 2 ym. 
The simulation result (solid black line) was normal¬ 
ized and is shown in Fig. [TTJ with the experimental 
result (square red markers). 

The discrepancy between the theory (solid black 
line) and experiment (square red markers) can be 
attributed to the coupling efficiency (T, Eq. [8]) 
between the receiving fiber numerical aperture 
(NA r = 0.2) and the entrance angles from the op¬ 
tical spot (which change for each Z\). The theo¬ 
retical curve taking this parameter in account was 
then plotted in Fig. [TT| as a dashed blue line, that 
presents a better agreement with the experiment. 
As can be seen, the power transfer coefficient 7 / 
vanishes for a standoff distance of approximately 
150 mm, as shown by the experiments in Sec¬ 
tion 13. El 

In order to determine the sensor parameters, a 
linear curve was fitted to the experimental static 
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-Theory, r=1 



Fig. 11. Static characteristic curves, r](Z i), for the sen¬ 
sor 1.8/1.8. The graphic starts at Z\ o = 32 mm. 

characteristic curve and the results are shown in 
Table [6l 


Table 6. Results for a spurious variation on Z\ a 


Curve 

Normalized 

Linear 

Operation 

Non- 


sensitivity 
[mV / mm] 

range 

[mm] 

point [V] 

linearity 

[%] 

Experiment 

(-13.4 x V max ) 

34 

(0.6 X Vmax) 

0.98 


a Vmax must be in units of volts. 

To compare the parameter Z\ versus the 
parameter 6, let’s consider Vmax = 1 V. 

Thus, the sensitivity (unnormalized) for Z\ is 
dtj/dZi = —13.4 mV/mm, while for 9 is dij/dd = 
3.4 mV//rrad. Regarding a linear displacement, 
Z \, of 10 nm (a typical ultrasound amplitude), 
the output voltage would be extremely low, about 
— 134 nV. On the other hand, regarding that the 
same displacement, 10 nm, tilts the surface in such 
way that the basis is about 20 mm, the angle 9 is 
then given by: 9 ~ tan# = 1 /mad, as shown in 
Fig. [12j Therefore, under the point of view of the 


Reflective surface 

10nni^= 

Sensor beam 

--F 1 



10 mm 

10 mm 


Fig. 12. Angular displacement of the surface (out of 
scale). 

angular displacement, a 1 /mad angle would pro¬ 
vide an output voltage of 3.4 mV, i.e., the sensitiv¬ 
ity for angular displacement is much higher (about 


four magnitude orders) than the sensitivity for lin¬ 
ear displacement. 

Based on this result, this sensor is not recom¬ 
mended for a hypothetical use to measure linear dis¬ 
placement on small scale (on the order of nanome¬ 
ters), due to its low sensitivity to linear displace¬ 
ment. Neither large scale (on the order of mil¬ 
limeters) is recommended, since a spurious angular 
displacement would provide a much higher output 
than the linear displacement itself, i.e., the output 
voltage would not correspond to the actual linear 
displacement. That is the reason why this sensor is 
suitable to measure angular displacement and not 
linear displacement. 

5. Conclusion 

The simulation and experimental results showed 
that the fiber optic angular displacement sensor 
can be constructed according to specifications of 
sensitivity and linear range (i.e., according to the 
measurement requirements) by choosing the proper 
geometrical parameters. Alternatively, the sensor 
characteristics can be calculated for a given set of 
geometrical parameters. 

The sensitivity and linear range suffer low influ¬ 
ence from the gap between fibers and the numerical 
aperture of the emitting fiber. In contrast, the geo¬ 
metrical parameters that can cause large variations 
on sensor’s characteristics are the core radii [2j] and 
the lens focal distance. The light coupling efficiency 
on the receiving fiber limits the maximum standoff 
distance (pointed out by the experiments as around 
150 mm) and the unnormalized sensitivity. 

The sensor presented a higher sensitivity to an¬ 
gular displacement ( dr\fdd = 3.4 mV//zrad) than 
the sensitivity to linear displacement {dr)/dZ\ = 
— 13.4 mV/mm), since the difference on the output 
voltage can be of about four magnitude orders for 
the same displacement. This uncoupling between 
linear and angular displacements gives an improve¬ 
ment in relation to optical sensors that are simul¬ 
taneously sensitive to both [g], as the knife-edge 
sensor [3], the optical beam deflection sensor [8j or 
the fiber optic linear displacement sensor [9]. 
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